Hardmetals and ceramics are major substrate materials for a wide range of cutting tools and forming dies. Due to their high specific hardness the final part geometry is usually obtained by sintering of preformed green parts, electrical discharge machining, grinding and/or polishing. Machining by milling is not possible due to fast and unpredictable milling tool failures. To enable milling for tungsten carbides and ceramics new tool technologies are developed. The technologies encompass nanoscaled tungsten carbide hardmetals, innovative coating systems, new milling tool designs as well as adapted milling processes. By combining these technologies it becomes possible to mill different grades of hardmetals and ceramics with hardness values over 1200 HV10.
Introduction
The production of tools and forming dies is an increasingly important market segment for the economy in Germany, Europe and beyond [1] . Especially the flexible and fast production of complex forming tools made from very hard and hard to machine material is a challenge. Forming tools made of hardened steels, which are used for example for deep drawing applications, are manufactured by grinding, electrical discharge machining (EDM), turning or milling. The latter one offers the highest efficiency due to the high flexibility, high material removal rates and a large knowledge on the process of milling. However, so far milling can only be used for materials with a hardness of up to 1000 HV. Milling of harder materials leads to tool failures due to the chipping of the coating or breaking of the cutting edge already after short cutting distances. This is a drawback, since for more and more demanding forming processes very hard materials such as hardmetals or ceramics are used. So far hardmetals and ceramics are solely machined through grinding or EDM. An exceptional case are cobalt rich hardmetals with a binder content above 30 vol-%, which can be machined with diamond based milling tools. However, the need for hardmetals with a binder content between 10 to 27 vol-% and a hardness between 1150 HV10 and 1700 HV10 is dominant for the tool and die making industry. Actually, the wide use of such materials is limited due to insufficient machinability by milling. [2] [3] [4] [5] Fundamental investigations on turning fine grain sized and coarse grain sized tungsten carbides with a cobalt content of more than 15 vol-% showed the general machinability of tungsten carbides in continuous cutting operations. But the results cannot directly be transferred to milling due to the interrupted cut and the continuously changing engagement conditions of the tool with the workpiece. [6, 7] Previous investigations on finishing of hardmetal coatings demonstrated the feasibility of milling tungsten carbide materials with polycrystalline diamond (PCD) tools in a small parameter range. Tests were performed at the coating material WC-17Co with a hardness of 1100 HV. The abrasive tool wear on the flank face showed a linear behavior (Figure 1 ). Furthermore, with increasing chip thickness the cutting edge was subject to chipping due to the brittleness of the PCD. This wear mechanism entails reduced process reliability. Due to the extensive costs of the milling tools only low efficiency can be reached. Hence, new milling tool concepts are required to realize profitable and reliable machining. First potentials of the application of coated carbide-endmills in finishing hardmetal could be shown in a fundamental study. However, chipping of the coating on the tool rake face followed by a spontaneous failure of the coating on the flank face result in low process reliability concerning tool life and surface quality of the workpiece (Figure 2 ). Further researches were done in the field of micromilling with PCD and CBN tools. They showed that ductile cutting of tungsten carbides is also possible [8, 9 ]. An analytical model was set up to define the region of ductile-brittle material removal processes. The tools just showed short tool lifetime and failed mainly through chippings and breakages of the cutting edges. [10, 11] Additionally, ARIF investigated the chip formation mechanism when cutting hardmetals [12] .
Currently some milling tool and machine tool manufacturers showed the possibility of cutting tungsten carbides in trial and error tests. At this point no fundamental process knowledge is existing [13] [14] [15] [16] .
Hence, the following requirements for the development of carbide milling tools for hardmetal materials can be derived from the first investigation results:
High wear resistance and predictable wear behavior High coating adhesion on the substrate Sufficient toughness of the substrate Optimized cutting edge geometry Furthermore, milling processes have to be systematically adapted and improved to machine tungsten carbides.
Concept of research
In this paper a new innovative concept will be presented, which will cover the complete process chain to develop innovative milling technologies. To set up newly hard milling technologies for hardmetals, a concept, which unites several research disciplines, is set up. Based on a fundamental understanding of process correlations and dependencies, the improvements will be further developed and finally transferred to industrial applications. The project »HakeMill« is splitting the research work for milling of hardmetals into three development modules "Milling tools", "Process Technology" and "Forming tools" (see Figure 3) . The development tasks in each module are connected to each other and continuously linked with the work in the other modules. In the end the results of the three modules are combined again, which allows a qualification and an evaluation of the technology concept. In Module 1 the milling tool technology is developed. It is focussed on the three development fields substrate, coatings and tool geometry. These three fields have to be combined to develop milling tools, which can resist the high thermomechanical loadings from milling hardmetals. Therefore high fracture toughness and compressive resistance as well as high hardness of the tools are needed. Furthermore the substrate material should show high temperature hardness to tolerate temperatures up to 1000°C which occur in the cutting zone. To avoid damage to the substrate it is necessary that most of the energy in the cutting zone is absorbed in the chip. ) and temperature hardness. In addition the thermal conductivity of nanocristalline cemented carbides is more than 15% reduced compared to fine grained cemented carbides, which are commonly used for the machining of hard to machine materials. The achievement of high wear resistance and adhesion is realized through the application of hard coatings for wear protection and adjusted interlayers. In the project "HaKeMill" several promising coating systems like TiAlN, Al2O3 and TaC coatings with a maximum hardness of around 60 GPa are investigated. The coatings' qualification is done by general coating tests. To examine the adhesion and hardness scratch-tests and indenter-tests are used. The most promising substrate-coating combinations are further investigated on a tool analysis test bench (Figure 4 ). An important process enabler for milling operations is the milling tools microgeometry. To investigate the chip formation processes in detail, specially designed tools with one cutting edge are manufactured with the chosen substrate-coating combination. With this test bench cutting experiments are conducted which allow to analyse the thermo-mechanical loads appealing to the tools while cutting. Therefore high speed and thermography videos are taken and process forces are measured. Based on these results, it will be possible to design real milling tools, optimized for milling of tungsten carbides.
Afterwards process technology investigation takes place in Module 2. Systematic milling experiments are conducted to detect efficient machining parameters and strategies. As a possible process enabler ultrasonic assisted milling tests will be analyzed as well. To reduce the thermal loadings on the tools the integration of a cryogenic cooling system into the machine tool is planned as well.
In the third module, the focus lies on the optimization of the forming tools` substrate and the design of new forming tools. In total three different kinds of substrates are investigated. These are sintered cemented carbide substrates and two different thermally sprayed coatings, one made of tungsten carbides and one made of ceramics. The cemented carbides have a cobalt content between 10 and 18 percent and a higher toughness compared to the milling tools substrates. These thermally sprayed cemented carbides for forming tools are optimized with regard to better machinability compared to conventional sintered cemented carbides, but still meet the requirements of high strength and mechanical resilience. Thereby a selective variation of the composition and adjustment of manufacturing processes is done with the result that the carbide size and distribution could be influenced.
Relating to the thermally sprayed coatings optimization of hardness, strength and especially of the toughness is necessary. The thermally sprayed coatings can be applied on standard forming tools made of steel and maximum layer thickness of 150 μm. The high hardness will lead to significantly higher lifetime in forming operations. The actual limitation is the poor toughness and high brittleness, which can lead to flaking and chipping of the coatings. A promising approach to optimize this drawback is the use of powders with a particle size of few nanometers, which are embedded in suspensions. It is expected to increase the mechanical properties and improve the homogeneity of the coatings.
Besides the basic investigations, it will be possible to integrate the material data into FEM-simulations, so that an adjustment of the forming process can be done as well. Furthermore, it is possible to use the information and materials` data for the design of new dies and molds as well as for current ones. Additionally, with the improvements of the thermally sprayed coatings an efficient repair chain for forming tools can be achieved.
To finally evaluate the achievements of the »HaKeMill« concept relevant demonstrator parts will be manufactured by the innovative technologies. An economical and technological evaluation will be done.
Results
First results will be presented on the developments in module 1, regarding improvements of milling tools for hard milling operations. To combine high hardness and high fracture toughness so called ultrafine and nano crystalline hardmetals are developed. They offer a high hardness of up to 2300 HV10 and good fracture toughness values of up to 9 MPa*m 1/2 [15] . As starting material ultrafine and nanoscaled tungsten carbide powder from H.C. Starck with the designation DS50 (grain size ~ 200 nm) and DN4.0 (grain size ~ 90 nm) was used. The hardmetal consists of WC-6Co and has a hardness range between 1800 HV10 and 2100 HV10.
Nanoscaled WC-Co based tool material
Different nanoscaled WC-Co hardmetals were developed, having a cobalt-content between 0 and 15 wt-%. The hardnesses of the newly developed hardmetals are between 1850 HV10 for Co-rich hardmetals (WC-15 Co) and 2850 HV10 for binderless (WC-0Co) hardmetals and are approximately 15 % higher than conventional ultrafine hardmetals with the same Co-content. Hardness as well as fracture toughness were not only modified through the Cocontent used, but also by the grain growth during sintering. With increasing sintering temperature, increasing holding time and decreasing amount of grain growth inhibitors, the grain size with a constant Co-content could be varied from 120 nm up to 1 μm. The substrate materials for milling tools used in this paper were made with 6 wt-% Co and nanoscaled as well as ultrafine scaled WC powder. A comparison in hardness of both hardmetals over the whole Co-range is shown in Figure 5 . The microstructure of the developed hardmetals is shown in Figure 6 . The hardness of the nanoscaled hardmetal is 2100 HV10 while for the ultrafine hardmetal it is 1880 HV10. Specimen of both hardmetals are manufactured with dimensions of 14*14*5mm³. After sintering the specimen are grinded to generate a plain surface (Ra<0,02 μm), which is needed for coating applications.
First results with TiAlN and Al2O3 coatings are promising. Coatings with good adhesion and hardness values > 25 GPa could be achieved. In the field of nanoscaled AlCrSiN/TiN coating multilayers with a thickness of around 10 μm were applied using ARC-PVD techniques. The also studied TaC coatings show a very high hardness of around 60 GPa. These values, however, could only be achieved after interlayers were deposited.
Summary and Outlook
Nowadays, milling of hardmetals is a major topic in the tool and die making industry, but limited due to fast tool failures. A completely new concept was designed, in order to combine all relevant research disciplines for optimizing milling processes to solve this drawback.
For milling of hardmetals and ceramics, the milling tool is one main process enabler. In this field the tool substrate, coatings and tool micro-geometry have to be adapted. First results of nano crystalline tool substrates with improved hardness and toughness values compared to conventional tool substrates could be observed. Besides, adhesion and hardness of coatings on these substrates was improved as well.
Actual work is running in all three modules. The next tasks are the investigation of the tool-substrate combination on the tool analysis test bench as well as adapting process parameters for the milling applications.
